The actin dependence of the rate and magnitude of the initial phosphate burst was measured using both quench-How and stopped-flow kinetic techniques. These studies revealed that even at high actin concentrations the magnitude of the phosphate burst was a significant fraction of the magnitude that exists in the absence of actin. Furthermore, it was shown that the rate of the burst rises rapidly as a function of the actin concentration. Detailed modeling with the four-state model revealed that if the predicted V^ is constrained to be approximately equal to the extrapolated value (double reciprocal plot) and if the apparent dissociation constant of subfragment-1 to actin divided by the apparent activation constant of the actin-activated myosin ATPase activity (K^^^/K ArPmK ) is constrained to be considerably different from one, then the model is unable to simultaneously account for the ATPase activity and the rate and magnitude of the initial inorganic phosphate burst. (Circulation Research 1989;65:515-525) R ecent studies on the steady-state properties of porcine cardiac subfragment-1 (S-l) 1 have revealed that the biochemical kinetics of cardiac S-l are very similar to the kinetics of rabbit skeletal S-l.
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The actin dependence of the rate and magnitude of the initial phosphate burst was measured using both quench-How and stopped-flow kinetic techniques. These studies revealed that even at high actin concentrations the magnitude of the phosphate burst was a significant fraction of the magnitude that exists in the absence of actin. Furthermore, it was shown that the rate of the burst rises rapidly as a function of the actin concentration. Detailed modeling with the four-state model revealed that if the predicted V^ is constrained to be approximately equal to the extrapolated value (double reciprocal plot) and if the apparent dissociation constant of subfragment-1 to actin divided by the apparent activation constant of the actin-activated myosin ATPase activity (K^^^/K ArPmK ) is constrained to be considerably different from one, then the model is unable to simultaneously account for the ATPase activity and the rate and magnitude of the initial inorganic phosphate burst. R ecent studies on the steady-state properties of porcine cardiac subfragment-1 (S-l) 1 have revealed that the biochemical kinetics of cardiac S-l are very similar to the kinetics of rabbit skeletal S-l. 2 It was shown that ^bindmgj the apparent dissociation constant of S-l to actin, and /CATP»K> the apparent activation constant of the actin-activated myosin ATPase activity, of porcine cardiac S-l were, within experimental error, equal to those of skeletal S-l and that the ratio of these constants (i.e., Ktinding/iCATp^) for the cardiac proteins is approximately 5 : 1. The only significant difference between skeletal and cardiac S-l was that the extrapolated V^, of the double reciprocal plot 3 was approximately 2/sec for cardiac S-l and 4-5/sec for skeletal S-l at 15° C and low ionic strength (0.013 M). Furthermore, it was shown that cross-linked actoS-1, prepared using the zero-length cross-linking agent l-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), possesses a significant ATPase activity. 4 ' 5 This lack of significant inhibition of the ATPase activity of cardiac actoS-1 at saturating actin con-centrations was reported previously for skeletal S-l, and detailed kinetic modeling revealed that a "nondissociating pathway" for ATP hydrolysis was required to account for the data. 5 It was then concluded that the four-state model was the minimal model that could account for the data (see Figure I) . 1 Because the steady-state kinetics of cardiac S-l are almost identical to rabbit skeletal S-l, except for a significantly different V^, it becomes interesting to pursue the kinetic mechanism of this difference. The important question is whether a four-state model can adequately account for the cardiac data or whether a more complex model (e.g., a six-state model) needs to be postulated. In the current work, we have expanded our prior kinetic studies of cardiac S-l to include presteady-state measurements of the rate and magnitude of the initial phosphate burst, both in the presence and absence of actin. As was the case with skeletal S-l, the large differences noted between K AT?ae and Killing lead to the prediction (using the four-state model) that the magnitude of the phosphate burst falls to a very low level at saturating actin concentrations. 6 However, at high actin concentrations or using EDC-cross-linked actoS-1, the measured inorganic phosphate (Pj) burst does not fall dramatically, in contradiction to the prediction above. The fact that a major fall in magnitude was not demonstrated places doubt on the ability of the four-state model to account for the ATPase data. In addition, the four-state model was found to be qualitatively unable to account simultaneously for D =± AMDPi. the actin dependence of the ATPase activity and the rate of the tryptophan fluorescence enhancement (i.e., the rate of the initial P( burst) at low to moderate actin.
Materials and Methods

Proteins
Myosin, S-l, and cross-linked actoS-1 were prepared with adult pig left ventricle, and actin was prepared with rabbit paraspinal muscles as described previously.
1 S-l was prepared from cardiac myosin using TLCK-treated chymotrypsin (C-3142, Sigma, St. Louis, Missouri). The concentration of crosslinked S-l was determined by assuming that when stoichiometric S-l and actin are added in the initial cross-linking reaction, approximately 20% of the S-l cross-links to actin. This assumption is based on earlier studies with the cross-linking reaction in which we found that after cross-Unking and centrifuging the cross-linked protein, approximately 80% of the S-l remained in the supernatant. Assuming then that the protein present after cross-linking consists of a multiple of one S-l to five actins, we performed a biurette to determine the total protein present. 
A TPase Assays
The ATPase activity was measured using [y- 
Binding Assays
Steady-state binding of S-l to actin in the presence of ATP was measured by two different techniques: light scattering in the stopped-flow apparatus and "airfuge" binding. Airfuge binding was performed essentially as described previously. 7 Light-scattering binding was performed in the stopped-flow machine by comparing the lightscattering signal at steady state with the lightscattering signal at ATP exhaustion. In this analysis, the light-scattering signal was assumed to be approximately linear as a function of the concentrations of the constituent proteins. The system was set up so that the measured photomultiplier voltage was zero in the absence of scattered light, and voltage measurements were made, with a 340 nM light source, of buffer, actin alone, and S-l alone. Measurements were also made of the lightscattering signal level of actoS-1 in the presence of ATP and at the exhaustion of ATP. To determine the fraction of S-l bound to actin in the steady state, it was first necessary to estimate the scattering level that would be expected if the same concentrations of actin, S-l, and buffer were mixed in the absence of binding. This is estimated to be the light scattering measured with S-l alone plus the light scattering measured with actin alone minus the scattering measured with buffer alone. The light-scattering signal measured with buffer is subtracted because it is included in both of the protein measurements and, therefore, has been counted twice. If Sc(steady state) is the light-scattering signal measured during the steady-state hydrolysis of ATP, Sc(final) is the light-scattering signal at the exhaustion of ATP, and Sc(0) is the scattering that would be predicted in the absence of the actoS-1 binding (see above), then the fraction of S-l bound to actin in the steady state is given by Stein et al Biochemical Kinetics of Porcine Cardiac Subfragment-1 517 cules is assumed. Although approximate linearity can be demonstrated at low concentrations, at higher concentrations the technique may be less dependable. Because of this potential nonlinearity, an additional control was performed in the following way: Suppose the binding constant had been determined to be 20 fiM. Hence, with 25^iM actin and 10 fiM S-l, the steady-state light scattering should represent 20 JAM free actin, 5 pM free S-l, and 5 juM actin-S-1-ATP (i.e., the S-l is half bound). To check the accuracy of the conclusion, an experiment was run with 25 /AM actin and 5 nM S-l. In this experiment, if the system is reasonably linear, then the light scattering at the exhaustion of ATP should be comparable with the light scattering during the steady state in the previous experiment. In general, there was reasonable agreement in these scattering amplitudes.
Stopped-Flow Fluorescence Measurements
The work presented here was performed with a stopped-flow spectrophotometer that was designed by Dr. Ken Johnson at Pennsylvania State University. These studies were otherwise carried out as described previously. 
Quench-Flow Measurements
The machine used was designed by Dr. Ken Johnson. The measurements of the P ; burst were otherwise as described previously. 
Steady-State ATPase Activity
One of the most important aspects of the actomyosin system is its ATPase activity, and any model used to account for the interaction of actin and myosin must account for this activity (see Figure 1) . Figure 2 shows the double reciprocal plot of the steady-state ATPase activity of porcine cardiac S-l versus the actin concentration at 15° C and low ionic strength (0.013 M). The plot is extrapolated to the v axis to reveal an extrapolated V^ of approximately 2/sec. Measurements of the ATPase activity of EDC-cross-linked actoS-1 (assumed equivalent to infinite actin) have been in the range of 1.5 ±0.2/ sec (data not shown, see Reference 1). This "inhibition" of the ATPase activity at "saturating" actin concentration has been noted before and may be real or artifactual (see "Discussion"). The K^^m of the double reciprocal plot in Figure 2 , henceforth to be referred to as K ATPue , is approximately 5.5 £iM. The significance of the .KATPIM is that it represents the actin concentration where the ATPase activity reaches half of its maximal value (i.e., extrapolated maximal value) or V,,J2. Different preparations of cardiac S-l differ slightly in the Vâ nd the K KT?tx . The range for V^ has been 1.6-2.1/sec, and the range forX ATPtje has been 4-6 piM. The dashed curve in Figure 2 moves out of this limit of error at higher actin and finally curves back so that the predicted maximum ATPase activity remains within 20% of the measured value. The linear portion of the dashed line (i.e., low to moderate actin) extrapolates to a " V^" and ^ippaiem t n a t is not in agreement with the usual extrapolated V^ or AT ATPMe obtained from the double reciprocal plot of the data (see "Modeling With the Four-State Model" and "Discussion" for a discussion of the theoretical curves in Figure 2 ).
Binding of Porcine Cardiac S-l to Actin
K 3 , K n , and K u in Figure 1 are the dissociation constants of actin to the myosin-nucleotide intermediates, and in order to obtain estimates of these constants, it is necessary to study the steady-state binding of aetin to S-l during steady-state hydrolysis of ATP. In our prior studies, stopped-flow measurements of turbidity were used to determine the steady-state binding constant of cardiac S-l to actin. In the current work, stopped-flow lightscattering measurements and airfuge-binding measurements were performed. Although in the broad sense these measurements were found to be sufficiently similar that they support the validity of the binding assay, airfuge measurements tended to give stronger binding constants leading to a smaller ratio of ^fading to ^ATP«M-This ratio, however, was always greater than 3 and generally at least 4 (4-5) for airfuge-binding measurements and was usually about 5 (4-6) with either light-scattering or turbidity measurements. Prior binding studies using these two different techniques with skeletal S-1 did not show as large a discrepancy. 7 The technique used for the stopped-flow binding assay is depicted in Figure 3 (left panel). Figure 3 (right panel) shows the double reciprocal plot of the fraction S-1 bound to actin versus the actin concentration for both the airfuge and stopped-flow binding methods. The apparent binding constants in this instance are very similar and differ by a factor of about 1.4, where Jading is 32 fiM by light-scattering techniques and 24 fiM by airfuge techniques. One possible explanation of this discrepancy, which was not observed with skeletal proteins, is that it is due to the slow ADP release rate of cardiac S-1. 8 Reviewing Figure 3 (left panel), we noted that, long before all of the ATP is exhausted, the light scattering begins to increase. We attribute this increase to the known phenomenon that ADP significantly inhibits the cardiac S-1 ATPase activity (and not the skeletal S-1 ATPase activity) and believe that this phenomenon may be related to the discrepancy of the binding constants measured with these two different techniques (see "Discussion"). On the other hand, in the case of light-scattering measurements, the fraction of S-1 bound to actin is determined assuming linearity of scattering as a function of the sum of the constituents, S-1, actin, and actoS-1, and this approximation may be less appropriate at high protein concentrations (see "Materials and Methods"). The range of binding constants observed with light-scattering or absorption techniques was 30-40 ixM.
To model the binding data with the four-state model, it is necessary to choose values for the dissociation constants K 3 and K 13 in Figure 1 . If it is assumed that K 3 =K n , then the natural choice would be AT 3 =/C 13 =Ar bindillg . However if AT 3 is not equal to K a , the choice is not immediately obvious. It was Marston and Taylor  9 who first demonstrated that the pre-steady-state binding of cardiac S-1 to actin possessed at least two phases: a rapid dissociation phase followed by what appeared to be a slower dissociation phase. The faster phase is currently believed to represent the actual binding of ATP to AM and forms the rapid equilibrium complex AM*T<-»A+M*T (see Figure 1) ; the second phase is attributed to the system approaching steady state. If the slow dissociation phase represents the active population of the state M**DP|, which is assumed to be more weakly bound to actin, then the level of light scattering at the beginning of the slow transient determines the binding constant K 3 , and the lightscattering level at the end of the slow transient assists in determination of the binding constant K n . The binding transient may be the result of a difference in the binding constants K 3 and K 13 ; it must be emphasized, however, that this interpretation is not the only possibility. For example, if the constant K 3 is not truly a rapid equilibrium and dissociation is considerably faster than rebinding, a two-phase dissociation could be observed in the absence of a difference between K 3 and K l3 . In the kinetic modeling that follows, a threefold to fourfold difference in K 3 and K l3 will be assumed (see "Discussion").
The Rate of the Initial P t Burst
The burst rate was measured by studying the tryptophan fluorescence enhancement that accompanies the burst. 9 -11 As these references show, it was the early work of Chock et al 10 as well as Johnson and Taylor 11 that implied that the fluorescence transient was equivalent to the burst for skeletal myosin. Later Marston and Taylor 9 showed evidence that this assumption was correct for cardiac myosin as well. Figure 4 (lower left) begins to level off at 20 jiM actin and appears to extrapolate to 40-50/sec. EDC-cross-linked actoS-1 showed a rather noisy tryptophan fluorescence trace, but the resultant rate constant was usually in agreement with the lower limit of the asymptotic value given above (data not shown).
The Magnitude of the P t Burst
Quench-flow measurements. When ATP is added to S-l and the mixture is quenched at short time points, the state M*T (see Figure 1 [upper panel] releases ATP into the medium, and the state M**DPj releases ADP and P, into the medium. With the use of ATP containing 32 P at the terminal phosphate, the quantity of released phosphate can be monitored as a function of time. Because the steady-state hydrolysis rate of S-l in the absence of actin is very low, the released P s reaches a plateau, which is equal to the steady-state concentration of M**DPi-The magnitude of this plateau is called the magnitude of the initial ¥ { burst in the absence of actin ( Figure 5  [upper left] ). Note that in Figure 5 (upper left) a short lag in the phosphate production occurs. This lag is believed to result from two different processes: the finite binding time of ATP to S-l at 100 liM ATP and the finite mixing time that exists in the quench-flow machine (especially at high protein concentrations). Because the initial phosphate burst of S-l alone reaches a plateau, this lag has no effect on the magnitude of the burst for S-l alone; however, in the presence of actin, this lag tends to reduce the measured magnitude as will be discussed below.
In the presence of actin, the system becomes more complex. The plot of released P ( versus the time does not level off; instead, the plot rises with two phases: a more rapid initial rise followed by a slower linear rise, which represents the apparent steady-state rate ( Figure 5 [upper right and lower left]). The kinetics of the burst magnitude have been worked out previously, 6 and the result is that extrapolation of the linear portion of the P, released versus time curve to zero time reveals a "reduced" magnitude that can be related to the actual burst magnitude (i.e., sum of the concentrations of all myosinproduct states) in a model-dependent way. Figure 5 (lower right) is a plot of the relative, reduced-Pi burst magnitude as a function of the fraction of S-l bound to actin. Since the binding of S-l to actin increases as the actin concentration increases, thex axis in this plot is a function (hyperbolic) of the actin concentration. Rosenfeld and Taylor 12 were the first to plot the abscissa in this way, and therefore, the current plot makes a useful comparison. In this plot, the reduced magnitude of the initial Pj burst in the absence of actin is taken as 1.0, and the reduced burst magnitudes at different actin concentrations are plotted as relative magnitudes as a function of the fraction of S-l bound to actin. Hence, at zero actin, where zero S-l is bound to actin, the magnitude is 1.0; at infinite actin (i.e., cross-linked actoS-1), where all of the S-l is bound to actin (i.e., a fraction bound of 1), the relative magnitude is 0.45; and at actin concentrations between zero and infinite, the fraction bound is determined from the data in Figure 3 
burst using tryptophan fluorescence. In this figure, the magnitude of the fluorescence signal at each actin concentration is normalized to the fluorescence in the absence of actin. The relative magnitudes are determined by measuring the magnitude in the absence of actin and then keeping the Keithley voltage constant as the actin concentration is raised The x axis is determined from the actin concentration by assuming a binding constant of 24 iiM. Conditions are as in lower left panel Theoretical plots are according to rate constants given for lower left panel legend. The error bars represent standard deviations from several different protein preparations.
ity in the actual burst measurements occurs with different preparations, the fall of the magnitude to approximately half at high actin concentrations or with cross-linked protein remains constant. The reduced magnitudes in Figure 5 are corrected magnitudes in that they have been divided by the irreversible binding magnitude (0.7-0.8 mol Pj/mol S-l). 1 The magnitudes reported above are in close agreement with those originally reported by Stein et al 5 for skeletal S-l and also with those more recently reported by Rosenfeld and Taylor 12 for skeletal S-l (see "Discussion").
Fluorescence measurements. It is generally
accepted that, when ATP binds to AM, a rapid equilibrium ensues between the species A+M*T and AM*T. 2 - 12 The system then approaches the steady state by occupying the actomyosin-product complex states such as AM**DP f and M^DP,. This transition is associated with an enhancement of the tryptophan fluorescence, and the rate at which this enhancement occurs-the rate at which the system approaches the steady state-is the tryptophan fluorescence rate (see Figure 4) . The fluorescence increase has been used in the past as a measure of the burst magnitude. 5 The implicit assumption is that states AM**DP, and M**DP, have the same tryptophan fluorescence enhancement associated with them (also true for AM*T and M*T). Evidence that this may be the case does exist.
mhiDTT, 15 yMsubfragment-1 (S-l), where KCl is used to keep the ionic strength constant. Upper right panel: The burst at 48 uM actin (free); note that the burst magnitude is determined by not using the time point at approximately 125 msec. In general, the magnitude of the burst is determined by extrapolating the steady-state rate between 200 and 700 msec. This extrapolation is based on the belief that due to the lag phase found in the quench kinetics the full steady-state rate is not achieved by 125 msec. Lower left panel: The burst with EDC-cross-linked actoS-1 and with 55 yM actin (free). In this particular instance, the extrapolated magnitudes were approximately the same. Lower right panel: The relative reduced burst magnitude as a junction of the fraction of S-l bound to actin. In each case, the burst magnitude at any particular actin concentration is compared with the magnitude obtained with the same protein preparation in the absence ofactin. The x axis is determined from the actin concentration by assuming a binding constant of 24 uM. The point at "infinity" is the magnitude using cross-linked actoS-1. The dashed line ("b") is the prediction of the four
s With these limitations in mind, however, it is interesting to compare fluorescence magnitudes with corresponding quench magnitudes. Figure 4 (lower right) shows the fluorescence magnitude of cardiac S-l as a function of the fraction S-l bound to actin (i.e., a hyperbolic function of the actin concentration as in Figure 5 [lower right]) without correction for turbidity effects. A fraction bound of 0.5 corresponds to a free actin concentration of 24 fiM, and therefore, Figure 4 (lower right) shows that the magnitude falls to about three quarters of its value at zero actin in the presence of moderate actin concentrations. Different preparations differed in how much the magnitude fell, but generally the data fit between the two theoretical plots shown in this figure, making it difficult to choose a preferred theoretical plot. When EDC-cross-linked actoS-1 was used, the magnitude appeared to be approximately 40-60% the value in the absence of actin. However, our cross-linked protein was turbid, and the data must be viewed as preliminary until the preparation of cross-linked protein from cardiac S-l is improved. Critical interpretation of this data is difficult due to the implicit assumptions involved, such as the magnitude of the fluorescence of myosin product states. In addition, other problems exist: the slower ATP binding associated with cardiac 9 as compared with skeletal S-l and a light scattering transient occurring simultaneously with the fluorescence change. 9 
Modeling With the Four-State Model
The rate of the phosphate burst in the absence of actin is modeled as being equal to k 5 +k. 5 and, according to Figure 4 , is given by 24.5/sec. The magnitude of the burst under this condition is approximately 0.7 ( Figure 5 [upper left] ). Since the magnitude is given by kJiki+k^) according to the four-state model, it follows that a reasonable choice for ks and &_ 5 is fc 5 =17.5/sec and &_ 5 =7/sec. The apparent dissociation constant has been noted to be 24 yM (Figure 3) , and assuming approximately a threefold difference between K^ and AT 13 , it is reasonable to choose K 3 in the range 12-16 /xM and K l3 in the range 36-48 yuM. To account for the steadystate actin-activated myosin ATPase activity as a function of the actin concentration, as well as the difference between K ATPac and A^,^, it is generally assumed that k 6 is rate limiting and k 10 is relatively f as t.i,6,i3 i n Figure 2 , the dashed line (marked "b") is the best fit of the data to the four-state model that we could find, and it is defined by keeping the data and the theoretical plot within a 20% error in the low to moderate actin range and by keeping the maximum achieved ATPase activity less than 2/sec, . The dash-dot plot (marked "a") was chosen to fit the rate and magnitude of the burst in Figures 4 (lower left) and 5 (lower left), while simultaneously keeping V^ in the range of 2-3/sec. These rate constants do not adequately account for the ATPase data in Figure 2 . Simultaneous fitting of the ATPase activity and the rate and magnitude of the burst can be achieved only if the actual achieved V,,,^ can be 4/sec (i.e., as fast as skeletal S-l). This would mean that at actin concentrations of approximately 50 /tM, the measured ATPase activity and the predicted ATPase activity would differ by a factor of two, which does not appear to be appropriate because it is the steady-state ATPase activity that has the most direct interpretation and, furthermore, is the simplest assay to perform accurately.
Discussion
One important question about the data presented is whether the four-state model 2 -12 (see Figure 1 ) is able to account for the data. Before attempting to answer this question, it is important to establish how well the experimentally measured kinetic constants are known. In Figure 2 , the double reciprocal plot is used to determine K ATPaac and V,^. Both of these constants are characteristics of the straight line that is used to model the steady-state ATPase data. At 15° C and low ionic strength porcine cardiac S-l has shown a very narrow range for V^, generally in the range of 1.9±0.2/sec. AT ATPlse , on the other hand, has been more variable in the range of 4-6 fiM. Both of these ranges come from 10 cardiac S-l preparations over the last year with the same batch of TLCK-treated chymotrypsin (see "Materials and Methods"). Some further variability has been noted with different chymotrypsin batches. Cross-linked actoS-1 possesses an ATPase activity that is lower than the predicted V m , by 20-30%, and the reason for this decrease in predicted ATPase activity remains unclear. Part of the problem is that the concentration of the cross-linked protein is not known as accurately as the S-l concentration. Another factor may be that the S-l is partially denatured as a result of the cross-linking process. (It is known that S-l that is not cross-linked to actin during the cross-linking procedure is partially denatured.) Another important issue is whether the ATPase measured should also be corrected by the irreversible binding magnitude. The irreversible binding magnitude represents the fraction of S-l that irreversibly binds ATP and is generally believed to represent the "active" fraction of the S-l.
However, it is not known if the "inactive" fraction possesses a significant ATPase activity. The irreversible binding magnitude has been 0.70±0.10 in our preparations. In the modeling that appears in this paper, we have allowed the maximum ATPase activity to be in the range of 2-3/sec to improve the fit of the four-state model to the data.
The kinetic constant -KbhxHug is not known as well as the K ATPtst , and as already discussed, there is a discrepancy between the ^.pp,^, for binding (i.e., that is measured by the airfuge and the pp that is measured by stopped-flow techniques. In the current studies using light scattering in the stopped-flow machine, the K bwJm appears to be in the range of 30-40 ftM. In practice, the K^o^m easured by airfuge techniques has been about two thirds of the value measured by stopped-flow techniques. The reason for this discrepancy may be at least partially due to the strong binding of ADP to cardiac S-l, 8 which results in inhibition of the steady-state ATPase activity when a significant fraction of the ATP has been hydrolyzed. 1 This inhibition begins to be apparent when the ADP concentration is higher than the ATP concentration, and it is important to know if this is occurring during the airfuge run. Skeletal S-l shows very little inhibition by ADP. Therefore, it may be reasonable to assume that when less than 50% of the total ATP is split during the pelleting of the bound S-l, the binding measured is a reasonable reflection of the binding that occurs in the absence of ADP. However, cardiac S-l is inhibited at moderate ADP concentrations, and if even 25% of the ATP is exhausted after the airfuge run, it is not difficult to envision a situation in which additional binding occurs during the pelleting procedure. It is also clear that such an effect would strengthen the apparent binding constant measured by this technique. However, it must also be noted that the measurement of the binding by light-scattering techniques relies on the linearity of the scattering signal as a function of the concentration of the scattering molecules. Although approximate linearity can be demonstrated at low concentrations, the technique may be less dependable at higher concentrations. Because of this nonlinearity, we performed an additional test on our scattering data (see "Materials and Methods"). In a broader sense, however, the two binding constants are remarkably similar when both the vastly different measuring techniques and the scatter that exists in both sets of data are considered. Detailed modeling has revealed that the fit of the ATPase data to the four-state model improves when values of ^A T P M C and K^^ are closer. In this spirit we will choose K blBdjss to be 24 /iM for our modeling.
The constants K 3 and K n can be determined assuming that the two phases seen in the presteady-state binding trace 9 represent the rapid equilibrium of AM*T and M*T followed by the slower dissociation that occurs as the myosin product states are populated. However, this is not the only interpretation, and the evidence that K 3 and K n are really different is not as convincing as it might be. A detailed study of the pre-steady-state binding is made difficult by the relatively slow rate of ATP binding to AM as compared with skeletal proteins and is outside the scope of the present work. Finally, we wish to state that new preliminary data in our laboratory imply that the pre-steady-state binding may be more complex than originally believed and consists perhaps of three exponential processes.
As mentioned in the "Results" section, the rate and magnitude of the phosphate burst by fluorescence measurements are somewhat in doubt because of a light-scattering transient that occurs at the same time as the fluorescence change. These transients are the rapid fall in turbidity due to ATP binding to AM as well as the slower transient that has been observed. 9 We measured the apparent rate of ATP binding to S-l in the absence of actin, which is actually the dissociation rate (data not shown), and found it to be approximately 2-4xlO 5 /sec/M ATP, which is in agreement with Marston and Taylor 9 and is about threefold lower than the rate with rabbit skeletal S-l. In the presence of actin, the apparent ATP binding constant appeared to decrease further by as mu.ch as a factor of two; thus, the rate at 1 mM ATP is*ohly about 100/sec. This slow ATP dissociation rate makes it impossible to use quenchflow kinetics to approximate the burst rate because quench-flow kinetics must be carried out at very low ATP concentrations, and the transient Pj production will occur with (at least) two rate constants. Therefore, the only reasonable way to estimate the burst rate is by using the fluorescence enhancement rate.
The burst magnitude as a function of actin concentration by quench techniques suffers from the usual large corrections that must be made to the data. We have attempted to minimize these corrections several ways. First, the experiment is performed by mixing actoS-1 with ATP. In this way, the 32 P blank remains essentially constant throughout the experiment. Second, only ATP with a P blank less than 2% (and usually less than 1%) is used. Third, at least five time points are taken between 0.5 and 1.0 seconds to minimize the error in extrapolating the magnitude. The slow dissociation rate (ATP "binding") discussed above also decreases the burst magnitude because it leads to a lag in the phosphate production as a function of time; as a result, the extrapolation of the phosphate production back to t=0 is carried through the lag period also and lowers the magnitude. The magnitude of the burst at high actin concentrations or with cross-linked actoS-1 falls away from the dashdot plot in Figure 5 (lower right), and this is believed to be due to slow mixing that occurs with the very thick and viscous solutions that occur at high actin concentrations. Clearly, any factor that delays phosphate production will further increase the lag period and reduce the burst magnitude.
Fluorescence measurements of the burst magnitude also show a fall in magnitude as a function of the actin concentration. These measurements are reported without correction for the increasing turbidity of actoS-1. As with the fluorescence rate measurements, these magnitude measurements suffer from the drawback that a turbidity transient occurs simultaneously with the fluorescence increase. However, even a 20% error in these measurements is not of sufficient size to take away the corroborative effect that these two different estimates of the burst magnitude have on each other, by virtue of being essentially the same.
A major difficulty with the four-state model is that it cannot predict a strong K ATPtx if K bkiam is weak (see Reference 6). This does not rule out the four- state model because this model, if given a suitable range of actin, can still come within 20% of the ATPase data. However, it is not intellectually pleasing that the difference between -K A TPIK a^d Adding, which has been observed over many years, cannot be more naturally accounted for.
In modeling the data in this paper, we found that if an attempt was made to fit the ATPase data within a 20% margin of error as well as to keep the maximum-achieved ATPase activity less than 2.5/ sec, then the actin dependence of the fluorescence enhancement rate could not be accounted for. The dashed line in Figure 2 predicts an extrapolated K ATPt%e of approximately 20 /xM and a V^ of 4/sec but fits the ATPase data within a 20% margin of error at low to moderate actin concentrations even though the experimental data imply that V^ is about 2.0/sec and K ATPtse is approximately 4-6 fiM. While the dot-dash plot was specifically designed to account for the magnitude and rate of the P s burst, the dashed plot in Figure 5 (lower right), which was determined by fitting the ATPase activity, is actually within a factor of two of the burst data at low to moderate actin concentrations. Only at high actin concentrations are the data far from the plot. However, the fit to the rate of the fluorescence transient is qualitatively incorrect (sec Figure 4 [lower left] ). In this case, the four-state model is predicting a fall in fluorescence rate as a function of the actin concentration.
The dot-dash plot in Figure 2 , Figure 4 , and Figure 5 was designed to fit the rate and magnitude of the burst and simultaneously was required to keep the extrapolated V,^ (equal in this case to the predicted maximal rate) less than 2.5/sec. Clearly this theoretical plot does not simultaneously fit the ATPase activity. Attempts to fit all three sets of data (i.e., the burst rate and magnitude as well as the ATPase activity) were not successful when the predicted W m3X was not allowed to be twice the measured V^,. In Figure 4 (lower right), both sets of rate constants were able to adequately account for the fluorescence magnitude. Significant deviation occurred only when the model was forced to fit the ATPase activity within a smaller margin of error. Figure 5 (lower right) should be compared with the data obtained by Rosenfeld and Taylor 12 for skeletal S-l. In Figure 3 of their study, the burst in the absence of actin was 0.5 £imol P/junol S-l, and the burst magnitude in the presence of actin fell, reaching a minimum with cross-linked actoS-1. In their figure, the magnitude with cross-linked actoS-1 was approximately 0.15. If this is compared with a magnitude of 0.5 in the absence of actin, it represents a relative magnitude of 0.3. Stein et al 3 reported a magnitude for skeletal cross-linked S-l of 0.24 under conditions where the magnitude in the absence of actin was 0.75, or a relative magnitude of 0.32 in excellent agreement with Rosenfeld and Taylor. 12 In the present case, the relative magnitude of cardiac cross-linked S-l is 0.45 and is somewhat larger than that found with skeletal S-l, but it is certainly of the same order of the magnitude considering that the concentration of the cross-linked S-l is only known to within 20%. The data in Figure  5 (lower right) show that the four-state model is more capable of accounting for the magnitude of the P( burst of porcine cardiac S-l than for skeletal S-l. This is due in part to a slower ATPase activity that leads to the requirement of a slower product release step and, as a result, a larger burst. Finally, the etiology of the reduced ATPase activity of cardiac S-l must be discussed. Clearly any kinetic statements that are made must be made in the context of a particular model. In our modeling with the four-state model, we found that the fit of the model to the low to moderate actin data (which for a double reciprocal plot is 90+ % of the plot) was mainly dependent on k w and relatively insensitive to the value of k 6 . Hence, k 10 had to be reduced from the skeletal case to account for the data. In addition, we found that k 6 had to be small so that the maximal ATPase activity measured would not be too large at the high actin concentrations. However, k 6 could be 4-5/sec (i.e., similar to skeletal S-l) without changing significantly the theoretically predicted lines in Figure 2 through Figure 5 . Therefore, from the point of view of the four-state model, the slower V^ seen for cardiac S-l must come from a reduction in the rate of release of the products of hydrolysis as compared with skeletal S-l. In the case of the six-state model, it is usually assumed that the product-release step is fast compared with all other steps. Furthermore, since k 6 and k_ 6 must be fast to explain the rise in fluorescence rate, the etiology of the reduced V^ would need to be in the rate of the transition between the two myosinproduct intermediate states.
Summary
The transient kinetics of cardiac S-l are quite similar to previous reports of skeletal S-l. We have shown that the burst rate and magnitude are almost identical for skeletal 2 and cardiac S-l. The etiology of the difference in steady-state ATPase activity that is observed between cardiac and skeletal actomyosin (i.e., 4-5/sec for skeletal S-l and 2/sec for cardiac S-l) will be model dependent. In the case of the four-state model, it is likely that the slower maximal ATPase activity will be due to a slower product-release step rather than the rate of the burst (nondissociating pathway) although the burst rate may also be affected.
The question as to whether the four-state model adequately accounts for the data remains a difficult one. We have found that if the predicted V^ is forced to be equal to the extrapolated V^ from the double reciprocal plot, then the four-state model has difficulty accounting for the burst magnitude at high actin concentrations (as it did in the case of skeletal S-l), and furthermore, due to the lower V mMX of cardiac S-l, the four-state model predicts a qualitatively incorrect dependence of the fluorescence enhancement rate on the actin concentration. It is possible to force the four-state model to account for the actin dependence of the fluorescence rate by making the nondissociating pathway very fast, but then the model has difficulty accounting for the steady-state ATPase activity.
Problems exist with the measurement of the fluorescence transient, and this is due to a turbidity transient that occurs simultaneously with it. In support of the burst rate measurement, however, is the fact that skeletal S-l, which shows less of a slow turbidity transient, also exhibits a rising burst rate as a function of actin that is virtually identical to that observed for cardiac S-l.
